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Introduction

Positron emission tomography (PET) and single photon emission computed tomography
(SPECT) have made possible the in vivo investigation of neuroreceptors, transporters and
enzymes that are implicated in disease states such as schizophrenia, Parkinson’s disease as well
as in addiction and processes associated with aging. Some of the tracers used and the
receptors/transporters that they label are: [''Clraclopride (Farde et al. 1989;Volkow et al. 1993;
Hietala et al. 1999), [''C]N-methylspiperone (Wong et al. 1986a,1986b), ['*I]epidepride (Fujita
et al. 1999) for the D2 dopamine receptor; [''C]-Schering 23390 (Farde et al. 1987; Suhara et al
1991), ['!CINNC 112 (Abi-Dargham et al. 2000), for the D1 receptor; [''C]benztropine (Dewey |
et al. 1993a), scopolamine (Frey et al. 1992), [''C] tropanyl benzilate (Koeppe et al. 1994), e
NMPB (Zubieta et al. 1998), ['*F]FP-TZTP, (Carson et al. 1998) for the muscarinic cholinergic
system; [''C] cocaine (Fowler et al. 1989) [''C]d-threo methlyphenidate (Volkow et al. 1995;
Ding et al. 1994, 1997), for the dopamine transporter; [''C]dihydrotetrabenazine (Koeppe et al.
1995), for the vesicular monoamine fransporter; ["'C]carfentanil (Frost et al. 1989) for the opiate
receptor; [''C]WAY-100635 (Mathis et al.1994; Farde et al.1998), for the SHT1A;
["'C]flumazenil (Price et al. 1993) and ['2*1] iomazenil (Bremner et al. 2000) for the
benzodiazepine receptor. Examples of ligands used for the study of brain enzymes are [MCIL-
deprenyl and [!'C]L-deprenyl-D2 (MAO B) (Fowler et al. 1987, 1995), ['!C]clorgyline (MAO
A) (Fowler et al. 1987), and [''C] PMP (acetylcholinesterase) (Koeppe et al. 1999).

In order to allow comparisons between subjects of measures related to receptor concentration,
it is necessary to separate physiological process related to receptor concentration from other
processes that inﬂuence tracer uptake. In order to do this many methods of varying complexity
have been developed and applied. Many are based on one or two tiésue compartment models in
which uptake into tissue is driven by the plasma concentration of the labelled tracer. The
measurements are radioactivity concentration in tissue (PET/SPECT) and plasma radioactivity
which is divided into that due to unchanged tracer and its metabolites. In some cases these have
been simplified so that a reference region (a region of interest (ROI) from the PET study that is
devoid of the receptor/transporter being studied) is used in place of an input function. Also some
techniques don’t require full dynamic scanning relying on an equilibrium between tissue and
blood.



These models are very simple and most likely represent a combination of processes
particularly in the case of enzyme inactivation as occurs with [''C]deprenyl and MAO B which
is actually a multistep process. Due to the fact that only the total tissue radioactivity can be
measured and not its components, the number of identifiable model parameters is limited-
generally to no more than 4, if that.

While there are techniques for separately evaluating receptor number and affinity, these
experiments are difficult and require the administration of a sufficient amount of drug to block a
substantial fraction of receptors. While these studies have the potential for providing important
information they will not be discussed here. Most PET/SPECT experiments, particularly in a
clinical setting, are in the high specific activity range and the model parameters for reversibly
binding ligands are some measure of Bmax/Kd where Bmax' is taken to be the free receptor
concentration and Kd is the receptor-ligand equilibrium dissociation constant.

‘When the free receptor/enzyme conceniration does not change over the course of the
experiment, the model equations are first order linear differential equations which can be solved
either numerically or in closed form. Even if the receptor concentration is changing due to a
change in neurotransmitter concentration from a drug treatment, these equations can still be
solved in the same way but the model parameter related to Bmax' represents some average over
the course of the experiment. There are a number of api)fogches that have been used to evaluate
| the model parameters. These range from the most complex — optimizing model parameters by
solving the model differential equations, a nonlinear least squares approach (NLLSQ), to a ratio
of tissue activity in an equilibrium measurement. There are a number of modifications that have
been applied to the set of differential equations that simplify the modeling process and in some
cases eliminate the necessity of measuring an arterial input function. A review of various

modeling techniques and their strengths and weaknesses is the subject of this chapter.

Models

General models for the description of tracer distribution and binding are given below. Cp
represents the plasma concentration of labelled tracer, Cr is the free concentration of tracer n
brain tissue, Cys is the nonspecifically bound tracer. K; and k; are the ligand transport constants,
plasma to tissue and tissue to plasma, respectively. Model Ia represents regions without specific

binding sites. Model ITa adds specifically bound tracer, Cs. Here it is assumed that there is only



one kind of receptor binding site.
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The binding parameters kns'and kns” in Models Ia and ITa represent nonspecific (nonsaturable)
binding, k3 represénts (saturable) binding to specific receptor/transporters and k4 is the receptor-
ligand dissociation constant. A simplification of models I and II is that the constants describing
nonspecific binding (kys'and kys") are sufficiently greater than the other kinetic constants that

the concentration of free ligand is a constant fraction of the total (free plus nonspecifically
bound), that is Cy=fixs C/® where fys is the free fraction (Mintun et al. 1984). With this

assumption the models become
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However, it has been found in a number of cases that it is necessary to use 2 tissue compartments



to described the cerebellum (reference region) (for example Abi-Dargham et al. 2000, Logan et
al. 1991, Carson et al. 1998 ) so that the nonspecific consists of two parts — one rapid and one

slower with binding constants ks and kg
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There is the question of whether or not this additional binding is also present in the receptor
containing region. In fact, Seeman et al (1990) reported that nonspecific binding of raclopride is
greater in the basal ganglia than in cerebellum.

In some cases the binding is irreversible on the time scale of the éxperiment so that the model

becomes
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The transport constants K; (plasma to tissue) and k; (tissue to plasma) are functions of blood
flow and the permeability surface area product, PS. Based on a homogeneous single capillary
model in which tissue concentration surrounding the capillary is constant over the time of
capillary transit, the transport constants can be related to F and PS as (Crone, 1963; Renkin,
1959; Kety 1951; Patlak and Fenstermacher 1975)

PS, F(-exp(-PS,/F) (1)

K, = F(1-exp(-PS,/ F)) k, = 75

1
More complex models relating tracer transport and flow have been considered by Sawada et al.

(1991). The distinction between PS; and PS, involves the incorporation of the free fraction in
plasma and tissue, that is PS;=PSfp where fp is the free fraction of ligand in plasma and
PS,=PSfys with fys being the free fraction in tissue. The use of fp and fys presumes that
equilibrium between free and bound ligand is rapidly achieved on a time scale shorter than the
capillary transit time. The unbound ligand is assumed to pass through the blood brain-barrier by

passive diffusion.



The differential equations of Model IIb, the commonly used model for receptor binding, are

given by
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The assumption implicit in the model of specific binding is that the receptor occupancy is
unchanged during the course of the experiment. The parameter k3 is given by ks=fuskon(Bmax-
Ng-L) where Bmax is the total receptor/transporter concentration and Ng is the endogenous
neurotransmitter concentration. L is the concentration of unlabelled ligand bound to receptors.
In the high specific activity limit L is negligible compared to Bmax and is neglected. On the
other hand N is generally not negligible and can influence the amount of tracer that binds to
receptors and hence the measure of receptor availability. How Np affects the number of binding
sites available to the tracer ligand depends upon several factors. If Ng and the labelled tracer
(L*) both bind to the same site or to overlapping sites on the receptor, then L* will reflect the
reduced number of sites. If they don’t bind to the same site, then L* will reflect more the total
number of sites, although if it doesn’t bind to the functional site, it may not necessarily be a good
" measure of a functional receptor.

In many PET studies drug induced neurotransmitter changes are monitored with tracer
ligands. Neurotransmitter competition with labelled tracers has been studied by Dewey et al.
(1990, 1993a, 1993b), Innis et al. (1992), Volkow et al. (1994), Laruelle et al. (1997) and others.
In these cases Np is changing with time (Np(t)). Although the model equations are no longer
linear, they can be solved as though they were by assuming a “constant” Bmax'=Bmax-Ng.

- Endres and Carson (1998) have considered through simulations how binding characteristics of
the tracer affect sensitivity to the changes in neurotransmitter concentration.

These models are certainly simplifications of the actual binding processes. For example, the
binding of [''CIL-deprenyl which is an irreversible inhibitor of the enzyme MAO B, is thought to

react with the enzyme in the multistep process shown below
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However, since PET measures the sum of all radioactivity sources within an ROL it is not
possible to uniquely determine kinetic constants for all the steps in the process. As aresult, the
simpler irreversible model with one binding parameter is used for the description of the binding
of [”C] L deprenyl. When the concentration E-S is approximately constant, then k3 of the
irreversible two tissue compartment model (IITb) corresponds to k'sk's/(k's+k's) in the above
scheme.

Also some ligands are known to bind to more than one receptor/binding site, for example, N-
methyl spiperone (NMSP) binds to serotonin receptors as well as dopamine D, receptors.
Another possible complicating factor is the presence of multiple receptor affinity states.
Additional binding sites could in theory be added to the model but as with ["'C]L-deprenyl
without additional information it would be difficult to separately identify all components. In
such cases k3 and k4 would reflect multiple components of specific binding. In general the
models used to describe PET data represent a macroscopic average of many microscopic
processes. The ligand diffuses to the binding site, binds to a receptor, dissociates and rebinds
perhaps before diffusing away. Among other things the configuration of the binding sites can
contribute to the macroscopic model parameter. There are also some experimental results that
suggest that for Some ligands the classical occupancy model based on the free receptor
concentration given by Bmax - Np is nof correct. For example, a decrease in binding of the D,
ligand NMSP after reserpine treatment which decreases synaptic DA was observed (Inoue et al.
1991). Furthermore [*HINMSP binding was increased after MK-801 treatment but
[*H]raclopride binding was not significantly changed (Inoue et al. 1999a). Inoue et al. (1999b)
offer evidence that these ligands bind to different sites on the receptor. Furthermore the
receptors appear to form dimers and larger clusters. Differences in the binding properties may be
due to the different binding capacities to D, receptor dimers and monomers. Zawarynski et al.
(1998) found that a spiperone derivative labelled only the D, monomer and a raclopride
derivative both the dimer and the monomer. These results and others relating to the occupancy

model are discussed by Laruelle (2000). In any case, for many ligands the models described



above provide a useful tool for comparing data although they are certainly an approximation to

the underlying physiological processes.

Strategies for determining model parameters
Measures of receptor availability

Rather than compare individual model parameters which are subject to considerable
variablility (Carson et al. 1993), comparison among subjects is usually made by comparing a
composite parameter that is a combination of model parameters. For reversible ligands this is
either the binding potential (BP) (Mintun et al. 1984), the total tissue distribution volume (DV),
the distribution volume ratio (DVR) (the ratio of the DV of a receptor region to that of a
reference region without the receptor) or an effective binding potential derived from the DVR.
Another possibility is the difference between the receptor DV (DVger) and the DV of the
reference region (DVger). All of these measures are a function of the free receptor binding sites
but they each depend upon assumptions about the constancy of other processes. The binding
potential is defined as BP =Bmax'/Kd (Mintun et al. 1984). In terms of the model parameters
used here it is given by ks/(kafiis) since k3 implicitly contains the free fraction (fns) (ds=konBmax’
frs and Kd=koskon). (In Mintun et al. 1984, fus=f>.) Many researchers define the binding
potential as BP=ks/k,s=Bmax' /Kd' where Kd' includes fus '(Kd’= kott/ (kon fis) =Kd/fus). In this
case, the assumption is that fiys is constant and does not contribute to differences in BP.

The distribution volume is given by the ratio of the tissue to plasma under equilibrium
conditions, that is DV=Cgro/Cp, Cror is the tissue concentration of a region of interest. For some
ligands equilibrium can be achieved and the DV can be measured in this manner (see below).

Alternatively, the DV given by (Lassen and Perl, 1979) as

[Cror(t)att
Dy =2

o]Cp(t)dt

is valid for nonequilibrium experimental conditions. In most cases this is not a practical
approach to calculating the DV. The DV can be determined under nonequilibrium conditions

directly by graphical analysis described below. The DV can also be determined from the model



parameters which for the 1 and 2 tissue compartment models (Model Ib and Model (IIb)) are
Ki/k; and K, /ka(1+ks/ky), respectively. If there is a component of slow nonspecific binding in
both, then these become Ky/k,(1+ka/kstks/ks) and Ki/ka(1+ks/ks). Since the transport constants
are a function of plasma protein binding (PS;=PS/p in Eq(1)), the DV also depends upon plasma
protein binding. This can be eliminated by independently measuring fp and removing it from the
DV (DV/ fp) (Carson et él. 1993). The problem is that generally a large fraction of ligand is
bound to plasma proteins so that errors in the determination of fp can introduce considerable
Variability into the DV. By basing comparisons on the distribution volume ratio (DVR) the
dependence upon plasma protein binding is removed. The DV’s can be determined directly by
graphical analysis or equilibrium measurement for example. The DVR is then (assuming that the

ratio of transport constants is the same for both receptor and reference region)
ks Bmax'

DVior _ 1+ 2 =1+—— 3).
DV ger k, Kd

DVR =

The BP can then be calculated indirectly as DVR-1 as opposed to explicitly determining k3 and
ks. The DVR is still a function of nonspecific binding through fys in Kd'. If thereis a
component of slow nonspecific binding in both regions, then the DVR expressed in terms of

model parameters is

Ko Jhy (ks ks k) _p (K, 1 ks I &y
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where ks and kg refer to the “slow” component of nonspecific binding (see Model Ic). If the
ratios Ki/k, and ks/ks are the same for both regions, then the binding potential derived from the
DVR is BP=DVR-1=f"ks/ky where f'=1/(1+ k™ / k) and Rys is 1. Therefore the BP
calculated directly by estimating the model parameters could lead to a different value from BP
calculated indirectly through the DVR. If a slow component exists in the receptor compartment
also, it would most likely be difficult to separate from the receptor binding component and the
BP calculated using Model IIb would include both components, overestimating the BP.
Subtracting the reference DV from the ROI DV gives K;/kx(BP) defining BP as ks/ks. This
measure is dependent upon fp through K but the dependence upon fys has been removed since it

appears in both %, and k3 and therefore cancels (see Carson et al. 1997). A comparison of



outcome measures for equilibrium, kinetic and graphical methods is given by Laruelle (2000)
(see Table 6 in that article).

For irreversibly binding ligands, receptor availability is contained in model parameter k3.
Logan et al. (2000a) found that reproducibility on test/retest for [''C]L-deprenyl-D2 significantly
improved if comparison is based on the combination parameter Ak; where A=Ki/k;. Graphical
analysis (Patlak et al. 1983) of uptake data from irreversible ligands provides an influx constant |

Ki given by Kiks/(ky+ k3) which depends upon blood flow (see below).

Modeling Options for Reversible Ligands
With a measured plasma input function

The model parameters can be optimized by solving the differential equations using a
measured plasma input function and determining the set of values that give the best fit to the
data. For a discussion of optimization methods see Carson (1986). The BP and DV can then be
determined from the appropriate combination of model parameters. The linearized version of the
standard compartment models (Blomgqvist 1984; Evans 1987) provide a more efficient method
of parameter estimation. The model equations become a set of linear equations. For the one and

two tissue compartment models the linear equations (for scan times #; ) are

1 4 '
Cror(t;) = Ky [Cpdt ~ky [Caor (dt
i ; )

4t 7 4t 4
Cror (t) = Ky (ks + k) [ [Cpdtdt'—xc [Cror (t)dt = ks [ [Cror(B)drdt' + K, [Cpat
00 0 00 0

where k=(ky+kstks).

A more general approach to linear least squares analysis is given by Thie et al (1997). This
approach is model independent in that the constants can be determined without reference to a
particular model. There are 2n coefficients ¢; in which fits to data can be made with n=1,2 or 3
and the optimum number selected based on a statistical analyses (Thie et al. 1997)

T T Tt Tt
Cror(T) = ¢, [Cpdt —c, [Cror (D)t +c, [ [Cpdt dt —c, [ [Cror(B)drdi'+ (if needed) ||
0. 0 00 00

The problem is that the coefficients are function of both blood flow and the receptor parameter.
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Parameter estimates based on the linear forms of the model equations as in Eq (5) are subject
to bias because the equation errors, are not statistically independent that is each succeeding one
depends upon the previous one (Feng et al. 1993, 1996). In order to overcome the bias problem,
Feng et al. (1993) introduced a generalized linear least squares (GLLS) method which removes

the bias. The GLLS form of the one tissue model is
Cit) ke ® Cit) = Kie ™™ ® Cplt)-kye ™" ® C,(t) (6)
Feng et al have generalized this to more complex models (Feng et al. 1996).

In graphical analysis the set of linear equations deScribing a genéral model is transformed into
a single equation which becomes linear for time t> t* (Logan et al. 1990). While this is
applicable to a multicompartment system, only two parameters are determined, the slope and the
intercept which are combinations of the model parameters. The graphical analysis equation for

points determined by scan times £ is

]C ror (D)dt ]Cp(t)dt
s DV +Vp|—m——+int 7
Crort) (o7 +7p] coiy T O

where DV-+Vp is the slope for the linear region which occurs for times #>#* and Vp is the
contribution of the tissue blood volume. The condition for linearity of Eq(7) is that the intercept
(inf) which for a two tissue compartment model is given by

_L[Hica_}_ C, ()
byl ks ] k(GO +CD)

is constant. For some time ¢ > ¢', the compartment concentratiohs follow the plasma
concentration so that (C;+C;) oc Cp and Coc Cp (the steady state condition) which insures that
int is constant since Cp cancels. In many cases the intercept becomes constant even before,
(C1+C3)/Cp becomes constant. Therefore the graphical method can be applied before the steady
state condition becomes valid, when for some time #* < ¢, the ratio Co/(C;+C>) varies slowly and
is effectively constant. The limiting value of the time dependent portion of the intercept is given

C(0) N
C1(t)+C2(t) 1+k4/k3

. The graphical analysis is illustrated in Figure 1 using simulated

data with the same DV but with very different kinetics. For the upper curve (Figure 1a), the
main contribution to the DV is from the ratio of transport constants A=K; /k; while for the lower

curve the main contribution is from the ratio of binding constants (ks/ks =20 and 5). The

11



graphical analysis is illustrated in Figure 1b. Both achieve linearity but with very different times
* which will affect the length of scanning time required to obtain an accurate estimate of the
DV.

The graphical method has been extended by Ichise et al. (1999) to account for labelled
lipophilic metabolites which could cross the blood-brain barrier, interfering with the
quantification of ligand uptake.

Alternatively the DV can be obtained directly by manipulating the plasma levels so that
equilibrium is reached. Patlak and Petigrew (1976) developed a method for obtaining infusion
schedules to achieve specified blood concentration levels over time. This method has been used
in particular to produce a constant input function. Carson et al. (1993) extended this method to
include a bolus injection with a continuous infusion to produce a true equilibrium so that the true
DV is given by the ratio of tissue to plasma. The advantage is that only a few scans are required
and arterial blood sampling is not necessary. Whether this method is appropriate depends upon
the kinetics of the tracer. A transient equilibrium between tissue (Cr) and plasma can be
achieved after a bolus injection so that Cr(t)/Cp(t) is constant. This however is generally not the
true distribution volume but is a function of the rate of plasma clearance (Carson et al. 1993;

Logan et al. 1990).

Without a measured plasma input function

There are several approaches to determining model parameters without an input function.
These methods require a reference region, a region devoid of the receptor/transporter or other
binding site being studied. Lammertsma et al. (1996) presented a reference region method
assuming the reference region could be described by a one tissue compartment model. They
derived the following relationship between concentration of tracer in the reference region, Crzr
and Cr, the totgl tissue concentration for a two compartment model

Cr)=R, [C rer (1) + aCrpp (1) ® exp(—ct) + bCrpr (1) ® exp(—dt)] (®)

where R; is the ratio K,/ K®" , and a,b,c,and d are combinations of the model parameters, kz,k3,

and k4 and are determined by standard nonlinear regression analysis. A simplified reference
tissue model which assumes that the receptor region can also be described by a one tissue

compartment is given by the equation (Lammertsma and Hume, 1996)

12



Cr(2) = R.Crar (t) + [k, — Rk, /(1+ BP)|Crer (1) ® exp(—k,t /(1+ BP)) (9)
in which three parameters, k,, R; and BP, are to be determined using nonlinear analysis. Gunn et
al. (1997) revised this method so that two parameters R; and B are determined using a linear least
squares optimization for a set of values of y
Cr(8) = RyCrar (£) + PCrer (1) ® exp(-—y1)
v and 3 are composite parameters corresponding to Eq(9).

An alternative linearization of the simplified reference tissue method was given by Logan et

al. (2001a) as

C@® “éze_ézt ®C\ (1) = _kze—lzzt C\@®) +‘I‘<“I§;151?CREF ®) "?Ii;;?(kz —EFEYe ™ @ Crpr (£) (10)

1 1

This method is based on the generalized linear least squares method of Feng et al. (1993). There

are three constants to be determined by a linear solution, &, K, /K™ , and

(K, / K& )k, — k) given an initial estimate, £,. Generally only a few iterations are

required (Feng et al. 1993).

Another method based on a reference region input is a modification of the graphical analysis
method (Logan et al. 1996). The DVR can be calculated directly with the graphical method by
using data frbm a reference region (Crgr (¢)) with an average tissue to plasma efflux constant, ka2

to approximate the plasma integral

jc ()t [Crar @yt + Cror ferse

CI— 5} 7 Y 2\ +int' (11)
Cror (1) Cror(T) |

where int' is int+ J, & is the error term given by

5= prRL 1) Cor (D)
k™ k" Cror(T)
When [DVR} Crer (T) is small and/or reasonably constant the term containing kREF in Eq(11) - -
ky | Cror(T) -

can be neglected.

Ichise has proposed an alternative to Eq(11) which is a multilinear regression (Ichise et al.

1996). This method appears to provide the same results as Eq(11) with k,=c0. When lipophilic
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metabolites are present in tissue, Ichise has proposed a method requiring a single blood sample to
generate the DV from the DVR calculated using the reference tissue with the contaminating
metabolites (Ichise, et al. 1999).

Farde et al. (1986, 1989) determined Bmax/Kd' for raclopride at a transient equilibrium point
of the specifically bound ligand (when dC; /dt =0). C5 was defined as the difference between
the radioactivity in the putamen and that in the cerebellum. At high specific activity
Bmax'[Kd' = C{ |C} where the free ligand (C[") is the cerebellar (reference region)

concentration at the point dC; / dt = 0. Farde et al. (1989) also used this technique to estimate

separately Bmax' and Kd' by doing additional studies at lower specific activities and using a

Scatchard analysis. Although this method is vulnerable to errors in the determination of the
point at which dC; / dt =0, comparable values of Bmax' and Kd' were found for both the pseudo
equilibrium and kinetic methods for [M'C]raclopride. Another factor limiting the usefulness of
this technique to other tracers is error in the estimation of C; due to a difference in blood flow

between the two regions (Logan et al. 1997).

Modeling options for irreversible ligands
With a measured plasma Input function
" Irreversibly binding ligands (Model IIIb) are essentially trapped for the time course of the

scanning procedure. Information about receptor availability is contained in model parameter 3.
The three model parameters can be estimated using an optimization procedure and solving the
differential equations directly. Dbifferent approaches to optimizing ks are illustrated in Koeppe et
al. (1999) for the ligand ["'C]PMP which binds irreversibly to acetylcholinesterase. These
included unconstrained estimation of all three parameters and constrained estimation of k3 by
fixing the K/k, ratio. This assumes that the ratio is relatively constant across the brain, an
assumption which has been found to hold for a number of PET tracers.

Alternatively, a model independent grapiﬁcal method (Blasberg et al. 1979; Gjedde 1981; and
Patlak et al.1983; Patlak and Blasberg 1985) evaluates the rate constant (K7) for the transfer of

tracer from plasma to the irreversible compartment. The equation for this is
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chp(z)dz

Cror(T) . '
oD =Ki i) +Ve+Vp) (12

which is linear for the times 7>#* when Ve, the distribution volume of the reversible part (the

ratio of the concentration in the reversible compartment to plasma) is constant (for Model IIIb
this is C;/Cp). Relating this to the two tissue compartment irreversible model, the influx

K1k3 _ KIAkB
kz + k3 Kl + lk;;

constant Ki can be expressed as Ki = . Ki is expressed in terms of two

parameters, K; which represents the transport of ligand from plasma to tissue and the
combination parameter Ak; which also contains the ratio of transport constants (A=K/ky).
Although K; and £; are functions of blood flow, A is not. From Eq(5) it can be seen that Ki
depends upon K (blood flow) as well as free receptor/enzyme concentration (contained in Aks).
Only if k; >> kzso that Ki —>Ak;s, is Ki independent of blood flow. Therefore in order to extract
a parameter independent of blood flow (ligand transport) it is necessary to determine K;. Ak

can then be determined from Eq(13)

Wong et al. (1986a) have used a variation of the graphical analysis for the estimation of model
parameters for the dopamine D2 ligand [''C]NMSP which appears to bind irreversibly over the
time period of the experiment. In this modification the early part of the curve (before the linear
phase) is used also to estimate parameters. The analysis equation uses the normalized time

integral of plasma radioactivities, ®@ given by
T
©= [Cp(®)dt/ Cp(T)
0

and the tissue plasma ratio (V(1))

Cooor (T) k, KX KR LY. L
V([) =20 = | —2 10 (1) + — (1 + 2| Q-e?®r"

2

where p = ks/ks accounts for a reversible component of either low specific or nonspecific binding

in the receptor region. In the case of NMSP there are reference regions such as the cerebellum

REF

without specific binding from which A= I]f—{w— is determined (when V(T)=Crer(T)/Cp(T)). The
2
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transition of ¥(T) vs &(T) to a linear phase at later times is determined by t. When A is known
the model has three parameters, ky, k3 and p. It is assumed that p is not present in the reference

region.

Without plasma input

When the concentration of original tracer in plasma reaches zero during the time of the study,
k3 may be estimated entirely from the shape of the time activity curve (TAC) (Frey et al.
1997a,b). This method was applied to estimation of acteylcholinesterase activity and was found
to be suitable for regions of low enzyme activity (Koeppe et al. 1999).

Patlak and Blasberg (1985) extended the graphical analysis for irreversible ligands to an
analysis using a reference region in place of the plasma input. It is assumed that the reference
region has no specific binding so that in the steady state condition Crer (t)ocCp(t) for £>t*. When
this is true

&
Crer (D)dt
CROI(ti) =K, (;f

+b
CREF (ti) CREF (ti)

&
so that a plot of Crox(t;)/Crer(t;) vs IC rer ()dt / Crer(2;) is a straight line for t.> t* with slope
; . .

K' = Ki/(DVys +Vp") where Vp’ is the blood volume of the reference region and DVggr is the

DYV of the reference region.

Limitations, reliability and other factors related to modeling image data

Sensitivity of the outcome measure

The outcome measure must be sufficiently sensitive to variations in the underlying receptor
availability to accurately register changes. This translates into particular requirements of tracer
ligand kinetics. In the case of reversibly binding ligands, the binding potential (k3/ks) needs to be
sufficiently greater than one so that it can be reliably estimated. Ifit is too small there will be
little difference between the reference region with no receptor concentration DV=K/k, and the
region with a receptor density DV= Ky/k; (1+ks/ks). On the other hand if BP is too large, it may
become difficult to obtain an estimate of the DV in the time span of the experiment. In

particular, if k&3>> k, either due to a high affinity (ko) or a large Bmax or slow tissue to plasma
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efflux, then the concentration of ligand bound to receptor is limited by tracer delivery, a situation
referred to as “flow limited”. This leads to an underestimation of the DV (or a large uncertainty
in the DV) or if using an irreversible model, the receptor parameter &3 is contaminated by
delivery effects (see discussion in Koeppe et al. 1994). This has been a problem for some of the
muscarinic cholinergic ligands such as scopolamine (Frey et al. 1992) and less of a problem
although still present for [''CJtropanyl Benzilate (Koeppe et al. 1994) and [''C]benztropine
(Dewey et al. 1993a).

Figure 2 illustrates the sensitivity of the TAC of a simulated irreversible ligand to variations
in the receptor binding parameter, k3. Each curve from 43=.0033 to 0.65 increases k3 by 50%
over the previous one (K;=.45 mL/min/mL, k»=.075 min™). The bottom curve has no receptor
binding (k5=0). For very small values of ks, there is little change in the TAC with a relatively
large change in k3. The presence of even a small amount of noise would make it difficult to
distinguish differences at this level. The maximum change occurs in the middle region. At the
high end, when k» >> k;, there is little change in the TAC with a large change in k3 and the
binding is “flow limited”. (The flow lirhited condition can also be expressed in terms of Ki, (see
Eq13)). When K; ~ Ki, only one parameter can be determined, K;, and no information can be
obtained about enzyme/receptor concentration.). In the regions of higher specific binding the
estimates of k3 become much more variable, although they are highly correlated to k; (Logan et
al. 2000a; Koeppe et al. 1999). In order to reduce this variability, Fowler et al. (1995) have used A
the parameter Ak3 which is much more stable since it contains the ratio ks/k;. Alternatively
Koeppe et al. (1999) proposed using a scheme in which all three parameters are determined but
the ratio Aks is scaled to the value of A determined from a region of low specific binding thus
giving é scaled value of k;. .

The sensitivity of irreversible ligands that are close to the flow limit can be improved by
reducing the binding parameter, k3. This was done with the tracer [''C]L-deprenyl by
substituting deuterium for hydrogen at the reaction site. This is an example of the kinetic isotope
effect in which the increased mass of the atom involved in the reaction slows the reaction rate.
Figure 3 illustrates two uptake curves from ["'C]L-deprenyl H2 and [''C]L-deprenyl-D2 in the
same subject. The difference between K; and Ki is significantly greater for the D2 compound
than for the H2 compound, 0.3 and 0.12 (mL min"! mL™) respectively. In other regions of

interest with higher MAO B concentration the H2 difference was found to be even smaller. The

17



sensitivity of H2 to differences in MAO B concentration is much less than for the D2 ligand.

This leads to greater variability in model parameters.

Which Model?

The model structure that best describes a data set is not necessarily driven by the presence of
multiple types of binding. For example, a ROI from a receptor containing region could be
described by a one tissue compartment model even though there is specific binding to the
receptor as well as nonspecific binding. Why the binding kinetics of one ligand requires a two-
compartment model while the kinetics of another does not has to do with the impulse response

function of the two-compartment model given by

ay, =(y FAly? —dk,k,)/2 y =k, +k; +k,

K K
4, = (ks +ky —a1y) 4, = :
OCI —'az OCl _az

(0 —k3 —k,)

A, exp(—a,t) + 4, exp(—o.,t) (Carson et al. 1998) where A; ; and o ; are combinations of

K,k k3 and k4. If one of the exponential terms dominate, then a one compartment model will
adequately describe the data. Following (Carson et al. 1998) whether a two compartment fit is
required can be determined by considering the fraction of the area of the response function due to
the second term for time T, that is

A, (1-exp(—a,T))/ o,
A (1-exp(—a, 1))/ o, + A, (1 —exp(—a, 7))/ at,

(14)

The effect of varying the binding parameters k3 and &, (while maintaining a constant binding
potential, ks/ks) on the integrated response function ratio of Eq 14 is shown in Figure 4. Using
model parameters similar to those found for [''C]raclopride with K1=.15 and k,=.36 for all
simulations giving DV = 1.917 (DV; indicates the DV generated by fitting the data to a one
tissue compartment model with two parameters, DV a two tissue model with four parameters).
The maximum time was 60 min. DV, underestimates the true DV for the lower values of k3 and
k. This is improved somewhat by extending the analysis time to 95 min for which DV becomes
1.59 for k3=0.09. The graphical DV’s for the 4 cases were 1.80, 1.89, 1.92, 1.92. Extending the
time to 95 min the DV was found to be 1.89 and 1.91 for 3=0.09 and 0.18 min™ respectively.
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There was no change in the other two. For the simulations with £3=0.09 and 0.18 a two
compartment model is required to recover the true DV using the NLLSQ method. For the two
simulations with higher values of k3 and k4, DV is close to the true DV and the addition of
another tissue compartment would not be justified since the parameters would most likely not be
identifiable in the presence of noise.

There are also instances in which the “nonspecific” reference regions are better described by a
two tissue compartment model. This has been observed for some studies with the radioligands
[''CJraclopride (for example Logan, 2001b), and ['®F]spiperone (Logan et al.1987). Also Abi-
Dargham et al. (2000) observed that a two compartment model gave a somewhat better fit to
cerebellar data for the D; ligand [M'CINNC 112. From 16 studies in the baboon with
["'Clraclopride the DV, underestimated the DV compared to DV, and to DV,

. DV1/DV,=.83+.05 and DV/DV,=.98+.02 (Logan et al. 2001b). This appears not to be related to
specific binding. This apparent additional binding could be due to an error in the metabolite
correction of the input function. If the fraction of original tracer is small at later times, then a
small error in the metabolite correction will result in a large difference in the plasma
concentration (Carson et al. 1998). Also uptake of a small quantity of lipophilic metabolites at
later times will result in a bias in the model. Whether the second compartment in these
nonspecific regions is due to this or is in fact a true slow nonspecific binding is unclear. Also
another issue is whether it is also present in the ROI under study and should be taken into

account.

Reference tissue methods

Sossi et al. (2000) compared BP estimates from the graphical tissue input method and the
simplified reference tissue method (SRTM) for 4 ligands, [''C]methylphenidate (DA
transporter), [''C] dihydrotetrabenazine (DA vesicular transporter), [''C] raclopride (D2
antagonist) and [''C]Schering 23390 (D1 antagonist), finding nearly identical results for both
methods and similar reliability and reproducibility. The BP estimates were somewhat lower than
those from compartment analysis. BP from compartmental analysis were derived indirectly from
the DV’s for the receptor and reference region so that BP=®VR01-DVREF)DVREF . The model

used was the one tissue compartment model. Both the reference and receptor regions for these
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ligands could be described adequately by a one tissue compartment model satisfying the basic
assumption of the simplified reference tissue method (SRTM).

Slifstein et al. (2000) compared the SRTM BP’s with those from standard compartmental
modeling using simulations with arterial input functions for the SHT1A tracer [MCIWAY100635
and [''CJNNC112, a D1 receptor tracer. When the reference region was a single compartment
the SRTM overestimated BP by 5 to 15%. However, the assumption in the SRTM is that the
receptor region can also be described with a single tissue compartment. The overestimate may
be related to this. An additional compartment in the the reference region also distorted the
resﬁlts as one would expect with the SRTM underestimating the BP, also differences in flow
between the two regions affected the BP. There is the additional complication that the receptor
region may also contain the slow nonspecific binding. 1

Alpert et al. (2000) also tested the SRTM with simulations using a two tissue compartment
model and a measured input function with labeled altropane, a dopamine transporter ligand. The
reference region was generated with a single tissue compartment model. For the receptor ROI
K;=.38 k»=.15 and BP was fixed but values of &3 and k4 were allowed to vary. For lower values
of k3 < .5 min-1 there was deviation from the true BP which became larger as k3 decreased. A
~ likely explanation for this behavior is that for the larger values of &3 and %, a single compartment
would describe the data but as k; deceases, a two compartment model is required which violates
the basic assumption of the SRTM.

In order to address one of the limitations of the SRTM, Watabe et al. (2000) have proposed a
two tissue compartment model to use for the reference region while retaining the one tissue
compartment for the ROI . _

An alternative reference tissue model is used by Acton et al. (1999) for describing
[®™Tc]TRODAT-1 binding to DA transporters in baboons using SPECT. The assumptions made
were that the transport constants were the same in both the ROI and reference region and that the
specific binding component could be extracted by subtracting the reference region from the ROI
as in Farde’s pseudoequilibrium method. The constraint of having the same transport parameters
for both regions is not likely to be valid for all ligands limiting the usefulness of this technique.
The reference region method was lower than the BP dérived using the compartment model but

the same constraint was used in the model. Also it is unlikely that the specifically bound is
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accurately represented by the difference between the ROI and reference region over the time

course of the study. (Logan, et al. 1997).

Bias in the Graphical Analysis Method

The graphical analysis method is a useful tool for rapidly obtaining information about the
binding of radioligands. The strength of the method is that it does not require a ﬁarticular model
structure. However, since it is derived from the linearized compartmental equations, it also
displays a bias in the case of noisy data resulting in the uhderestimation of the slope (DV) and
the underestimation is greater with larger DV*s (Hsu et al. 1997; Slifstein et al. 1999; Abi-
Dargham et al. 2000). In order to remove the bias, Logan et al. (2001a) have proposed a
modification of the GLLS method developed by Feng et al. (1993) to use as a smoothing
technique for more general classes of model structures. The one compartment GLLS method
was applied to the data in two parts, that is one set of parameters was determined for times 0 to
T and a second set from Ty to the end time. The curve generated from these two sets of
parameters was then used as input to the graphical method. This was been tested using
simulations of data similar to that of the PET ligand [''C]-d-threo-methylphenidate (MP,
DV=35. mL/mL) and [''C] raclopride (RAC, DV=1.92 mL/mL) with the result that in the case of
moderate noise the bias was substantially removed. This combination of the GLLS method and
the graphicai method provides the possibility of retaining the model in&ependent type of analysis
without the bias inherent in the linear méthods while still maintaining a fairly simple method of
analysis. This method was also applied to the simplified reference tissue model of Lammertsma
and Hume (1996). The equation was modified to allow a linear solution for %; as in Feng’s
method. Estimates of three parameters were generated in this cése.as opposed to two when the
input function is measured. The same two part procedure was used to smooth the data as was
done with the DV and the graphical method was applied to the smoothed data using the reference -

region and an average efflux constant (Logan et al. 1996).

Construction of Parametric Images

Reliable image wide parameter estimation methods are important because of the potential
increased information content of parametric images over ROI analysis, although both are

important. One desirable characteristic of image wide parameter estimation methods is that they
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perform well in the presence of noise which is considerably greater than in ROIs. Other
desirable characteristics include speed of the calculation since it must be done for all voxels in
the image, and model independence of the method since there will generally be variations in
specific binding so that voxels in one structure may require a different model from voxels in
another structure. The weighted least squares method (Alpert et al. 1984; Koeppe et al. 1991)
works well when a one compartment model is adequate for all regions. From this method
parametric images of ligand transport rate and distribution volume can be constructed. It
requires a measured input function. Holthoff et al. (1991) have shown that altering blood flow
does not alter the DV and thus demonstrated that the DV obtained in this manner is a measure of
specific binding and not ligand transport.

Graphical analysis with a measured plasma input function (Logan et al. 1990) is model
independent but gives a biased estimate in the presence of significant noise particularly for
ligands with high DV’s. However, Koeppe et al. (1997) found good agreement between images
generated using the weighted least squares and graphical methods for (+)-o-[*'C]-
dihydrotetrabenazine (DTBZ) which binds to the vesicular monoamine transporter (DV in the
caudate-putamen was ~ 11 to 12 mL/mL). The smoothing strategy discussed previously may
prove to be a means of maintaining the model independence.

The method of Gunn et al. (1997) is a modification of the simplified reference tissue model
adapted to parametric image construction without a measured plasma input function. The
method uses precalculated basis functions for a range of values of the nonlinear model parameter
and includes parameter bounds. The assumptions are the same as in the original formulation of
the method, that both the reference region and binding regions can be described by a one tissue
compartment model (Lammertsma and Hume 1996). The method was found to work well for
["'CJraclopride and [''C]CFT. The presence of additional binding in the reference region was
tested by simulations and found to underestimate the BP as expected. The graphical method with
a reference region input (Logan et al. 1996 ) is model independent but is subject to bias in the
presence of noise. The previously described adaptation of the simplified reference tissue method
used as a smoothing technique prior to applying the graphical analysis has been proposed as a
possible solution to the bias pfoblem.

The nonlinear least squares methods which are based on a particular model structure generally

require considerable computation time as well as being subject to local minima. These methods
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are not generally used for image wide parameter estimation of DV or BP. The simplicity of the
bolus plus constant infusion equilibrium method makes it an attractive alternative although
different structures may require different infusion schedules to achieve equilibrium. In this case
the method could be used for estimation of BP in voxels within a given structure.

For irreversible ligands parametric images of the influx constant Ki can easily be constructed
(Patlkak et al. 1983, 1985). However, since Ki depends upon blood flow comparisons based on
this parameter will be subject to differences in blood flow as well as changes in receptor binding.
If changes in transport are known to be important, then the transport constant needs to be
estimated. Logan et al (2000b) have proposed a method for estimating K; from initial part of
uptake curve and using Ki to estimate Aks.

Turkheimer et al. (2000) has introduced a new approach to generating parameteric images
that is based on a wavelet transform of each image in a dynamic sequence. Linear modeling
procedures such as the graphical analyses can be done on the wavelet coefficients which
represent a spatial object as opposed to a single pixel. This is followed by thresholding and the
* application of the inverse wavelet transform to recover the parametric image. Among the
examples presented were dynamic PET FDG and [''C]raclopride studies with the result that
noise was reduced compared to graphical analyses without the wavelet transform while details of

brain structures were preserved.

Summary

A description of some of the methods used in neuroreceptor imaging to distinguish changes in
receptor availability has been presented in this chapter. It is necessary to look beyond regional
uptake of the tracer since uptake generally is affected by factors other than the number of
receptors for which the tracer has affinity. An exception is the infusion method producing an
equilibrium state. The techniques vary in complexity some requiring arterial blood
measurements of unmetabolized tracer and multiple time uptake data. Others require only a few
plasma and uptake measurements and those based on a reference region require no plasma
measurements. We have outlined some of the limitations of the different methods. Laruelle
(1999) has pointed out that test/retest studies to which various methods can be applied are crucial
in determining the optimal method for a particular study. The choice of method will also depend

upon the application. In a clinical setting, methods not involving arterial blood sampling are
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generally preferred. In the future techniques for externally measuring arterial plasma
radioactivity with only a few blood samples for metabolite correction will extend the modeling
options of clinical PET. Also since parametric images can provide information beyond that of
ROI analysis, improved techniques for generating such images will be important., particularly

for ligands requiring more than a one-compartment model. Techniques such as the wavelet

transform proposed by Turkheimer et al. (2000) may prove to be important in reducing noise and

improving quantitation.
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Figure Captions:

Figure 1: Simulated data comparing two ligands with the same DV (DV=60 mL/mL)
but different kinetics. The uptake is illustrated in a. The upper curve (#)has K;=0.5
mL/min/mL and A=10.mL/mL with k;=0.1 min" and k,=.02 min™ (ks/ ks=5). The lower
curve () has K;=.6, A=3, k3=.1 and k4=.005 (ks/ ks=20). The graphical analysis is
illustrated in b, t*=35 min for @) and 80 min for ).

Figure 2: Sensitivity of the time activity curve of a simulated irreversible ligand to
variations in the receptor binding parameter, k3. Each curve from k;=.0033 to .65
increases k3 by 50% over the previous one (K;=.45 mL/min/mL, k,=.075 min'l). The
bottom curve has no receptor binding (£3=0).

Figure 3: Time activity curves from ["'C]L-deprenyl H2 ()and [M'C]L-deprenylD2 #)
in the same subject.

Figure 4. The effect of varying the binding parameters k3 and k4 (while maintaining a
constant binding potential, ks/ks) on the integrated response function ratio of Eq 14. R2
is the numerator in Eq(14) and R1+R2 is the denominator. Values of the kinetic
constants are indicated. DV is the DV determined from a one compartment model fit
using 60 min of upialke data. The true DV was 1.92 mL/mL.
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